A basic background is given of the concepts and measurements of dielectric phenomena, and two examples of dielectric-based biosensors are described. The way in which the dielectric properties of immobilized urease can be used to monitor the hydrolysis of urea is first outlined, while the second example describes how the phenomenon of dielectrophoresis can be used to monitor the concentration and viability of suspensions of cells or micro-organisms.
Introduction
The dielectric properties of a liquid or solid material located between two plane-parallel electrodes may be characterized by measuring the conductance G and electrical capacitance C of such an assembly as a function of the frequency of an applied voltage across the electrodes. If the electrodes are of area A and separated by a distance d, then these two electrical quantities are defined by the following two equations:
The conductivity u is the proportionality factor between the induced electric current density and the applied electric field and is a measure of the ease with which delocalized charge carriers such as electrons, protons and ions can move through the material under the influence of the field. The factor E" is the dielectric permittivity of free space and has the value of 8.854 x Farad per metre, while E is the permittivity of the material relative to that of free space ( E is often referred to as the dielectric constant of the material, but this is not the preferred term used by physicists). The relative permittivity is proportional to the ratio of the induced charge to the electric field, and is a measure of the extent to which localized charge distributions within the material can be distorted or polarized under the influence of the field. For biological materials such charges are mainly associated with electrical double layers occurring at membrane surfaces or around solvated macromolecules, or with (polar) molecules which possess a permanent electric dipole moment.
Abbreviation used HMRA, hexamethylene bisacetamide.
Each type of polarizable charge distribution or polar entity will exhibit its own characteristic response to an imposed electric field and, without going into the underlying theoretical details (which for biological materials are given in detail elsewhere [ 1-31), this is described by the relative permittivity being written as a complex function, having real and imaginary parts, of the form:
where i is / -1. The real part E' corresponds to that component of the complex permittivity giving rise to the capacitance C, while the imaginary part E" corresponds to the dissipative loss (dielectric loss) associated with the .movement of polarizable charges in phase with the electric field. The imaginary component E" thus contributes to the overall conductivity G of the material. From an electrical engineer's point of view, the presence of both a real and imaginary term in the relative permittivity factor can be represented as an equivalent circuit consisting of a conductor in parallel with a capacitor. In such a circuit the induced current will be out of phase with the applied voltage. For a purely capacitive circuit the current leads the voltage by a phase angle of 90", while for a purely resistive circuit the current is exactly in phase with the voltage. Dielectric materials possess both capacitive and resistive properties, and representing them in the form of an equivalent circuit is sometimes a useful way to describe the macroscopic passive electrical properties of a cell membrane, or of diffuse electrical double layers around cells or macromolecules, or of enzymes immobilized on to electrode surfaces, for example.
Biosensors based on the monitoring of dielectric phenomena have an inherent advantage in that they utilize voltages and induce currents which can be interfaced directly with electronic circuitry, without first passing through a transduction stage. This leads to possible sensor designs where the sensing element is incorporated directly into the 'silicon chip' used to detect and process the relevant electronic signals. By way of illustrating the basic principles and possible scope of dielectric-based biosensors, two examples will be given based on work accomplished by the author and his colleagues.
Urea sensor
Urease hydrolyses urea according to the scheme:
The following pH-dependent side-reactions can also occur:
NH:
NH,+H+ HCOS * CO, + OHand for aqueous solutions of pH less than around 8.0, ammonium ions and carbon dioxide are the dominant products. It has been known for many years that detection of the ammonium and bicarbonate ions offers the basis for sensing urea, and conductimetric sensors have been described [ 41 which operate by detecting the increase in conductivity of a solution containing urea when urease is added to it. In another design [S] , urease was immobilized in acrylamide gel over an ion-selective electrode. However, these types of sensor are affected by the presence of other ions in the test solution which, for physiological fluids having an ionic content equivalent to 150 mM-NaCI, limits their practical applications. A sensing principle based on the monitoring of the dielectric properties of urease, immobilized as a film on micro-electrodes, appears to overcome these problems [6-81. In our work [6, 81 the urea sensor was constructed by immobilizing Jack bean urease on to an array of gold micro-electrodes. This was achieved by adding 150 mM-NaCI solution to a mixture of 25% (w/v) urease plus 75% (w/v) bovine serum albumin until a thick gel was formed. This gel was then applied as a thin film on to an inter-digitated micro-electrode array, fabricated using standard photolithographic procedures [9] . The gel-covered electrodes were then immersed into a 25% (v/v) glutaraldehyde solution for 30 s and then rinsed thoroughly in 150 mM-NaC1 solution to remove excess glutaraldehyde and unbound urease. This produced a physically robust sensing electrode, which could be interfaced directly to an impedance analyser.
As part of this programme of work, massspectrometric measurements were made to determine the amounts of carbon dioxide and ammonia released from a sample of urease containing 10% (w/v) urea, at various levels of hydration. On increasing the hydration content from near zero, the first indications of enzymic activity occurred at a hydration of 5% (w/v), which from hydration isotherm analysis corresponds to a BET monolayer coverage of water, corresponding to, on average, one bound water molecule per urease polar group
[8]. The amount of carbon dioxide released exceeded that of ammonia, which, according to the reaction scheme of equation (l), indicated that ammonium ions were retained within the urease plus urea mixture. These ions were also detected as an increase in the solid-state d.c. electrical conductivity of the enzyme plus substrate mixture. These results led to the expectation that the immobilized urease electrodes described above could form the basis of a conductimetric urea sensor.
Several urease electrodes were tested by immersing them into 150 mM-NaCI solutions containing different concentrations of urea and measuring their electrical impedances over the frequency range from 0.01 Hz to 50 kHz. The greatest change in impedance as a function of urea concentration was observed to be in the frequency range from 1 to 10 kHz and typical variations of conductance, as determined from measurements of E" at 1 kHz, are shown in Fig. l(a) . If stable temperature conditions were maintained (18°C f O.l°C), the electrodes could readily detect changes in urea concentration of f0.2 m in 150 mM-NaC1. Other electrodes were prepared in which the urease-albumin film was formed around the gold micro-electrodes but not covering the inter-digitations. On immersion into urea solutions no changes in conductance were observed, indicating that the data of Fig. l(a) corresponded to dielectric changes occurring within the bulk of the immobilized urease film and not to changes in conductivity of the surrounding solution.
In Fig. l ( b ) Fig.  l(a) , produces a straight line. The [S] intercept in the Woolf plot gives the Michaelis constant which, from Fig. l(b) , produces a value of 6.9 mM. This value is close to the value of 4 mM obtained from solution studies of Jack bean urease activity.
These various results indicate that the immobilization of the urease on to the gold microelectrodes did not seriously restrict the diffusibility of urea to the enzyme active sites, and that the dielectric measurements accurately reflected the hydrolysis of urea by urease. Our present efforts are directed towards investigating how the sensor sensitivity and reproducibility is dependent on the micro-electrode design and immobilization procedure, as well as to its performance when used in relevant clinical conditions. Other analytes may be detected using this type of sensing principle by choosing other enzymes which generate ionic reaction products to immobilize on to the micro-electrodes. Such examples include the detection of glucose using glucose oxidase, protein using pronase, ampicillin and penicillin G using penicillinase, and paracetamol using-arylacylamide amidohydrolase.
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Applications of dielectrophoresis
The phenomenon of dielectrophoresis is concerned with the motion of particles induced by nonuniform electric fields. The particle may be electrically charged or neutral, and the electric field may be either d.c. or a.c. The effect therefore has important differences from that of electrophoresis, and this is illustrated in Fig. 2. ( a ) An electrically non-conducting particle suspended in an electrolyte in a uniform electric field generated by two parallel electrodes. Charges, of opposite polarity and equal magnitude, are induced in the particle and in the absence of any other forces the particle remains stationary. If the particle carries a net charge, it will exhibit electrophoresis in a d.c. field. (b) A slightly conducting particle in a non-uniform field. The particle is shown being attracted to the strong field region. This will occur in either a d.c. or a.c. field and is the dielectrophoretic effect.
(4
In Fig. 2(a) an electrically neutral, nonconducting, particle is shown suspended in an electrolyte in a uniform d.c. field produced by two parallel electrodes. Because the particle is nonconductive, the electric field is distorted and the current flux is forced to flow around the outside surface of the particle. A dipole moment, in the form of separated induced surface charges, will be created in the particle and, although (if not spherical) it may rotate so as to assume a minimum orientational potential energy, this polarized particle will not be induced to move to either electrode. If, as is most likely, the particle carries a net electrical charge it will exhibit the electrophoretic effect and move to the counter-charged electrode. If an a.c. electric field is now generated by the electrodes, the particle may undergo oscillatory motion but its mean position will remain unchanged. It is of relevance to note that the field pattern of Fig. 2(a) is the same as that which occurs for biological cells with intact (resistive) membranes. This has the effect of increasing the resistance between the electrodes, and is the basis upon which the coulter cell counter operates.
In Fig. 2(b) a neutral particle is shown in a non-uniform field produced by a pin-plate electrode system. An induced dipole moment will be created in the particle, associated with an induced positive charge + 6q on the particle surface nearest to the cathode, and an induced negative charge -69 on the side nearest the anode. A charge 6q in an electric field E will experience a force of magnitude 6q.E. For the neutral particle of Fig. 2(a) in a uniform field, the net force acting on it is zero, but for the particle in the non-uniform field of Fig. 2(b) there will be a net force tending to move it towards the pin electrode, since the field on that side is the greatest. This net translational motion towards the pin electrode will occur whatever the polarity of that electrode, and it does not matter whether the applied voltage to the electrodes is d.c. or a.c. This is the basic dielectrophoretic effect.
The general phenomenological equation describing the dielectrophoretic force F acting on a particle of volume ZI in a non-uniform electric field is-given [ 1 11 by:
where p is the effective polarizability of the particle, E is the local root mean square electric field and V is the del vector operator. The parameter ( E -V )
describes the degree of non-uniformity of the field experienced by the particle. For a particle such as a biological cell, the polarizability parameter p depends in rather a complicated way on the dielectric properties of its suspending medium, on the cell surface charge, on the capacitance and conductance of the cell membrane, and on the dielectric properties of the cell interior. The extent to which any one of these controlling influences dominates the effective polarizability of the cell varies with the frequency of the applied electric field. The development of sensors that utilize the dielectrophoretic effect basically depends on the characterization and 'tuning-in' of this frequency dependence. As a broad guide, for frequencies below 100 Hz surface charge effects are dominant, for frequencies between 100 Hz and around 10 W z the effective conductivity of the cell membrane is the major controlling influence, while at higher frequencies the dielectrophoretic force is controlled by the dielectric properties of the cell interior [ 12, 131. The situation shown in Fig. 2(b) , where the electric field slightly penetrates the particle, corresponds to the frequency range where the cell membrane capacitance begins to electrically short out the membrane resistance. In dielectric measurements on cell suspensions this region is characterized by the so-called B-dispersion [ 141, and the polarizability parameter p of equation (2) reduces to the expression:
where the subscripts p and m refer to the cell (or particle) and the suspending medium, respectively
Inspection of equations (2) and (3) shows that if the effective conductivity of the particle exceeds that of the surrounding suspending medium then, for the frequency range where conductivity effects are the controlling dominant factor, the particle will be attracted to the field regions where the factor (E-V)E is greatest (and collect at a pin electrode, for example). This is termed positive dielectrophoresis. If the conductivity of the suspending medium exceeds that of the particle, then the polarizability parameter p of equation (3) is negative and the particle exhibits negative dielectrophoresis and is repelled away from regions of high, rapidly changing, electric fields. Quite subtle changes in cell properties can be detected using dielectrophoresis. Gross changes, such as those that occur when a cell loses its viability are readily detected, and an early observation of this was made by Pohl for yeast cells [ 113, as depicted in Fig. 3(a) . The conventional method for measuring the dielectrophoretic characteristics of cells is to observe an electrode through a microscope and to estimate, usually via time-sequenced photographs for each measurement frequency, the rate at which the cells are collected at an electrode. This method is time consuming and relatively inaccurate, especially for small cells such as bacteria. More rapid methods, more suitable for biosensor applications, can be devised where the dielectrophoretic collection is monitored by measuring the beyond the colony-forming stage to where they develop the ability to produce haemoglobin and can no longer grow in soft agar. The spectra in Fig. 3( b) can be interpreted to show that, on induction, the cells develop a lower surface charge density and that changes occur in the conductive properties of their membranes. The change in cell surface charge had previously been observed using electrophoresis measurements, but the changes in membrane conductivity provided new insight into some of the biophysical events that accompany cell differentiation.
There is already a good basis [ 151 for believing that the dielectric properties of cells and th&r membranes can be used in the development of new biomass sensors and bioanalytical devices. By including dielectrophoresis and the phenomenon of cell electro-rotation [16], we believe that the potential for such developments in biosensors and biotechnology is greatly enhanced and very exciting.
